A question remaining to be answered about RecA protein function concerns the role of ATP hydrolysis during the DNA-strand-exchange reaction. In this paper we describe the formation ofjoint molecules in the absence of ATP hydrolysis, using adenosine 5'-[r-thio]triphosphate (ATP[yS]) as nucleotide cofactor. Upon the addition of double-stranded DNA, the ATP[ySJ-RecA protein-single-stranded DNA presynaptic complexes can form homologously paired molecules that are stable after deproteinization. Formation of these joint molecules requires both homology and a free homologous end, suggesting that they are plectonemic in nature. This reaction is very sensitive to magnesium ion concentration, with a maximum rate and extent observed at 4-5 mM magnesium acetate. Under these conditions, the average length of heteroduplex DNA within the joint molecules is 2.4-3.4 kilobase pairs. Thus, RecA protein can form extensive regions of heteroduplex DNA in the presence of ATP [yS], suggesting that homologous pairing and the exchange of the DNA molecules can occur without ATP hydrolysis. A model for the RecA protein-catalyzed DNA-strand-exchange reaction that incorporates these results and its relevance to the mechanisms ofeukaryotic recombinases are presented.
stability [i.e., they were paranemic in nature (4) ]. Since plectonemic, as well as paranemic, joint molecules can be formed in the presence of ATP, it was suggested that conversion of paranemic to plectonemic joint molecules requires ATP hydrolysis (4) . In related studies, addition ofATP[yS] to an ongoing DNA-strand-exchange reaction was shown to immediately stop formation of heteroduplex DNA (3) . The data were interpreted to suggest that ATP hydrolysis was also required for the formation of extensive regions of heteroduplex DNA (after joint molecules are formed). Thus, homologous pairing and the formation of protein-stabilized paranemic joint molecules are thought to occur in the absence of ATP hydrolysis, whereas the formation of plectonemic joint molecules and extensive regions of heteroduplex DNA requires hydrolysis of ATP.
We now report the catalysis ofDNA strand exchange in the presence of ATP [yS] . Our data demonstrate that the joint molecules formed in the presence ofATP [yS] are stable in the absence of RecA protein and are, therefore, plectonemic in nature. The average length of heteroduplex DNA in these joint molecules can be as much as 3.4 kilobase pairs (kb) with no detectable hydrolysis of ATP [yS] . The relevance of these results to the role of ATP hydrolysis in the mechanism of the DNA strand exchange catalyzed by the Escherichia coli RecA protein and by other recombinases is discussed.
MATERIALS AND METHODS
Reagents. All chemicals used were reagent grade and solutions were made in glass-distilled H20. ATP and ATP [yS] were purchased from Boehringer Mannheim; both were dissolved as concentrated stock solutions at pH 7.5.
The concentrations of ATP and ATP [yS] were determined spectrophotometrically using an extinction coefficient of 1 .54 X 104 cm-' M-1 at 260 nm.
RecA protein was purified from E. coli strain JC12772 (6) using a preparative protocol (S.C.K., unpublished protocol) based on spermidine acetate precipitation (7) , Protein concentration was determined using an extinction coefficient of2.7 x 104 cm-' M-1 at 280 nm. Single-stranded DNA binding (SSB) protein was purified from strain RLM727 using a preparative protocol provided by Roger McMacken (The Johns Hopkins University). The concentration of SSB protein was determined using an extinction coefficient of 3 x 10 cm-1M-1 at 280 nm. S1 nuclease was purchased from Pharmacia.
Phage M13 ssDNA and replicative form dsDNA were isolated as described (8) . The replicative form was linearized using EcoRI restriction endonuclease. The concentration of M13 ssDNA and dsDNA was determined using extinction coefficients of 8784 and 6500 cm-' M " at 260 nm, respectively.
Nucleotide Hydrolysis. ATP[yS] hydrolysis was determined using the method of Lanzetta et al. (9) Electron Microscopy. The DNA-strand-exchange reaction was carried out as described above. After agarose gel electrophoresis, the bands corresponding to the various intermediate species were excised and electroeluted from the gel. Subsequent gel electrophoresis of the eluted DNA bands verified that their mobility was unaltered by this procedure.
All samples were applied to the grid without prior fixation. A 5-,ul drop of sample in 10 mM Tris HCl, pH 7.5/1 mM EDTA was applied to the film side of a freshly glowdischarged 400-mesh grid containing an 8-nm carbon film. The sample was allowed to adsorb for 5 min at ambient temperature. The grid was then placed in a spermidine solution and processed as described (11) . The (5) showed that the formation of paranemic joint molecules occurs at a lower magnesium ion concentration (4 mM) than required for branch migration (10 mM). Thus, we were interested in the effect of magnesium ion concentration on the formation of plectonemic joint molecules in the presence ofATP [yS] . As shown in Fig. 3 , the rate of joint molecule formation was very sensitive to magnesium concentration and exhibited a maximum between 4 and 5 mM magnesium acetate. The maximum percent of intermediate species formed under these conditions followed the same trend (Fig. 3) . Extensive Heteroduplex DNA Can Be Formed in the Absence of ATP Hydrolysis. The average length of the heteroduplex DNA joint can be determined by comparing the results from the gel assay with those from an assay that determines the total percent of heteroduplex DNA formed (i.e., the S1 nuclease assay). Fig. 4 shows that the increase in amount of intermediates formed (gel assay) was paralleled by an increase in the total percent of DNA heteroduplex formed (S1 nuclease assay). Comparison of these data gave an average length for the DNA heteroduplex region of 2.4-3.4 kb per dsDNA molecule. The results also demonstrate that within 2.5 min the average length of a plectonemic joint molecule was at least 2400 base pairs. Interestingly, the length of the heteroduplex region increased from 2.4 kb to 3.4 kb over a 20-min period (Fig. 4) . This observation suggests that the size of the nascent plectonemic joint molecule can grow an additional 1 kb in the absence of detectable ATP[yS] hydrolysis.
The average size of the DNA heteroduplex region was also derived from the structures seen in the electron micrographs (Fig. 1B) . The size of the DNA heteroduplex joint in intermediates 1 and 2 (formed after 10 min of reaction) ranged from 0.3 to 5.1 kb, with the mean size being 2.3 kb. This is (12); the reason for this inhibition is also unknown but may be related to extensive aggregation of RecA protein resulting in nonproductive structures (7) . The formation of extensive heteroduplex DNA in the absence of ATP hydrolysis is important with regard to the kinetic mechanism of the RecA protein-catalyzed DNAstrand-exchange reaction. DNA strand exchange proceeds through, at least, three phases (1, 2), presynapsis, synapsis (conjunction and joint molecule formation), and branch migration. In the presence of ATP, joint molecules form rapidly (<5 min) and contain about 300-500 base pairs of heteroduplex DNA (3); extension of these joint molecules through branch migration then proceeds slowly and can take as long as 20 min. Here we show that RecA protein can form as much as 2.4 kb of heteroduplex DNA in less than 2.5 min in the absence of ATP hydrolysis (Fig. 4) . Thus, either 2.4 kb of heteroduplex DNA can be formed during the synaptic phase of this reaction or branch migration to 2.4 kb can occur rapidly and in the absence of nucleotide hydrolysis.
An important conclusion is that the pathway for RecA protein-catalyzed DNA heteroduplex formation can proceed by a mechanism that does not require ATP hydrolysis as an obligatory step [e.g., the rotation model proposed (14)]. The mechanism by which we envision DNA heteroduplex formation occurring in the presence of ATP[yS] is depicted in Fig.   5 . In Fig. 5 Left, homologous pairing is shown to occur along the length of the two DNA molecules. This is consistent with electron microscopic studies that show the dsDNA molecule is completely taken up into the presynaptic filament before a displaced tail is observed (16, 17) . Enzymatic studies also suggest that homologous pairing occurs over the entire length of DNA homology within 2-5 min (18) . In addition, our data demonstrate that within several minutes the ATP[yS]-RecA protein-ssDNA filament is in homologous alignment with the dsDNA molecule over at least 2.4 kb. This suggests that homologous contacts are formed over large regions of the DNA molecule within several minutes and that the formation of these contacts does not require ATP hydrolysis (only ATP binding).
The formation of this paired complex results in an intermediate complex containing RecA protein and three strands of DNA that are homologously aligned (Fig. 5 A and B) . The What then is the role of ATP hydrolysis during the ATPdependent DNA-strand-exchange reaction? The answer may be simply to induce dissociation of the RecA protein-DNA complex through the conversion of ATP to ADP and to provide directionality by doing so. The product of ATP hydrolysis, ADP, decreases the affinity of RecA protein for DNA and increases the rate of transfer (i.e., dissociation) from one DNA molecule to another (19, 20) . This suggests that production of an ADP-RecA protein complex allows the DNA to be released from the protein-DNA complex (Fig. 5 ). This dissociation event is likely to occur at the end of a cooperative cluster of bound RecA protein (19 These data are interesting in light of reports on DNAstrand-transfer activities isolated from organisms other than E. coli. The proteins purified from human cells (23) and from Saccharomyces cerevisiae (24, 25) have no nucleoside triphosphate requirement. The human protein promotes formation of approximately 200 base pairs of heteroduplex DNA (23) whereas the yeast protein forms approximately 4.1 kb (24) . The latter is similar to the amount formed by RecA protein in the presence of ATP [yS] . Thus the apparent paradox that eukaryotic proteins can promote DNA heteroduplex formation in the absence of a nucleoside triphosphate can be reconciled by suggesting that the eukaryotic proteins are functionally equivalent to the ATP-bound form of RecA protein. It is possible that in higher organisms, DNAstrand-transfer (ATP not required) and catalytic-turnover (ATP required) activities are physically separated into different polypeptides. Thus, for the human and yeast recombination systems, other protein factors (presumably energy requiring) may be necessary to promote catalytic turnover (dissociation) of the transferase activity, thereby permitting elongation of the DNA heteroduplex regions formed initially. It will be interesting to see if such activities can be isolated in the future.
